Chlamydia trachomatis L2 invasively attacks lymphatic and subepithelial tissues of the genital tract during the formation of primary lesions. This subsequently results in lymphadenopathy, and suggests a greater propensity for systemic dissemination.
Introduction
The obligate intracellular bacterium, Chlamydia trachomatis, is the leading cause of ocular and genital infections worldwide. Usually asymptomatic, untreated disease can sometimes progress to chronic infections that include serious sequelae. Chronic ocular infections due to serovars A to C result in trachoma, and are the second highest cause of preventable blindness [1, 2] . More prevalent are the chronic genital infections with serovars D to K, which are responsible for pelvic inflammatory diseases, ectopic pregnancy and tubal infertility in women [3, 4] . While C. trachomatis serovars L1-3, cause systemic diseases such as lymphogranuloma venereum (LGV) [5] .
LGV is considered a sporadic disease occurring worldwide particularly in men who have sex with men [5] [6] [7] [8] [9] [10] [11] [12] .
LGV is an invasive disease caused predominantly by C. trachomatis serovar L2, and unlike other genital C. trachomatis infection, preferentially affects lymphatic tissue after invasion through an epithelial surface [5] [6] [7] [8] [9] [10] [11] [12] . Thus, C. trachomatis L2 may potentially transfer from the epithelial surface to lymphatic tissue via unknown vehicle cells, possibly associating with systemic diseases produced by this bacterial serovar.
Chlamydiae have a unique developmental cycle that is not present in any other bacterial families, and is characterized by two functionally and morphologically distinct bacterial forms, the reticulate body (RB) and elementary body (EB) [13] [14] [15] . Infection is initiated by the metabolically inactive EB that subsequently differentiates into the larger, metabolically active RB after endocytosis [13] [14] [15] . Maturation further occurs in the surrounding plasma membrane, known as an inclusion [13] [14] [15] . Recently, our studies demonstrated that Chlamydophila pneumoniae, a species closely related to C. trachomatis, could infect and multiply in the human lymphocyte cell line Molt-4 and mouse spleen lymphocytes, thereby completing its developmental cycle [16, 17] .
Furthermore, Kaul et al. identified C. pneumoniae deoxyribonucleic acid (DNA) in CD3 + lymphocytes obtained from cardiology patients [18] . Thus, lymphocytes are a potential host cell for not only C. pneumoniae, but also C. trachomatis infection.
In this study, we aimed to compare the growth traits of C. trachomatis L2 in lymphoid Jurkat cells with those in epithelial HeLa cells. Fluorescence staining data showed that an increase in inclusion size that was dependent on the culture period occurred in the Jurkat cells, which also supported the evidence of normal C. trachomatis growth in this cell type (Fig. 1C) . Also, transmission electron microscopic (TEM) analysis revealed normal growth in inclusion formed into Jurkat cell, even with a few aberrant bodies (AB), which is a representative morphological Fig. 2 ; HeLa, [19] [20] ). In addition, we also confirmed that enriched human-blood lymphocytes obtained from three healthy donors could support the C. trachomatis growth ( Fig. 3 ).
Results

Susceptibility of C. trachomatis L2 to antibiotics in lymphoid Jurkat cells
To confirm whether the bacteria developed into a stage of persistent infection, we assessed the susceptibility of C. trachomatis to antibiotics [doxycycline (DOX), azithromycin (AZM), ofloxacin (OFLX)] during Jurkat cell infection. Assessment with IFU assay showed that all antibiotics used for this study were very effective against C. trachomatis L2 growth in Jurkat cells as well as HeLa cells (Fig. 4A ). It is further intriguing that the bacteria appeared to be more sensitive in the Jurkat cells than in HeLa cells, although C. pneumoniae was previously reported to strongly resist antibiotics in human lymphoid Molt-4 and P3HR1 cells [22] . Thus, the results obtained indicated that C. trachomatis L2 in lymphoid Jurkat cells was susceptible to antibiotics, to a similar or greater level than that observed in epithelial HeLa cells, suggesting that bacteria normally could proliferate within these cells. Both the results of immunofluorescence staining of inclusion and real-time reverse transcription (RT)-polymerase chain reaction (PCR) targeting to the bacterial 16S rRNA also ensured that the bacteria were very sensitive to the antibiotics used for study in Jurkat cells, supporting the bacterial complete maturation in the cells ( Fig. 4B and C).
3. Sphingomyelin acquisition of C. trachomatis L2 in lymphoid Jurkat cells
Because it is well known that host cell sphingolipids are required for the intracellular growth of C. trachomatis [23] [24] [25] , sphingomyelin acquisition by C. trachomatis L2 in
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Jurkat and HeLa cells was compared by using two different specific inhibitors of sphingomyelin biosynthesis in cells, myriocin and fumonisin B1. Myriocin is the initial enzyme in the biosynthesis of sphingomyelin via the endoplasmic reticulum (ER), and fumonisin B1 is a drug that can not only inhibit ceramide synthesis from sphingosine in the Golgi, but also block dihydroceramide synthesis from sphinganine at ER [23] [24] [25] .
We found that both drug significantly inhibited the infectious progenies of C. trachomatis L2 in both cells ( Fig. 5 ).
3. Establishment of mutant Jurkat cells resistant to C. trachomatis infection and its characterization
We successfully established and isolated a mutant clone derived from Jurkat cells that had become resistant to chlamydial infection, by using conducting random chemical mutagenesis with EMS as the mutagen to assess infection differences between Jurkat and HeLa cells. Representative images showed that infection had successfully occurred within the wild cells, while it appeared that the bacteria failed to grow within the mutant cells ( Fig. 6A ). No significant difference in C. trachomatis L2 infectious rate was observed between to mutant cells and wild cells ( Fig. 6B ), demonstrating that the molecules associated with bacterial attachment to the cells did not change as a consequence of mutagenesis. In contrast, bacterial growth in the mutant cells significantly decreased compared with that in the wild cells ( Fig. 6C ), suggesting potential impairment of certain host cell molecules directly associated with bacterial development. We performed a similar experiment with C. trachomatis D, the growth of the bacteria in the mutant cells significantly decreased, which was also the case for C. trachomatis L2 (Fig. 6D ). We also confirmed gene expression changes in the mutant cells as compared with the wild cells by using DNA microarray analysis. As a result, the DNA microarray analysis revealed a considerable increase in the granzyme K gene (14 fold vs. the parent cells), and a decrease in the histone cluster 1 H4c gene (0.03 fold vs. the parent cells) in the mutant cells ( Fig. 7 ). We also confirmed obvious changes of these gene expressions by real-time RT-PCR with a strong expression of granzyme K in the mutant cells as expected ( Fig. 8 ). Moreover, immunofluorescence staining of granzyme K interestingly revealed irregular over-expression of the protein among the mutant cells of approximately 13% as compared with the wild cells; eventually any irregular expression changes of granzyme K in the wild cells was not seen ( Fig. 9 ).
Discussion
We previously reported that of the pathogenic chlamydiae C. pneumoniae could infect lymphocytes, producing a down-regulation in CD3 expression, which is a critical ligand for antigen-presenting cells, or CD25 expression, which is also a critical receptor for detecting immune stimulation [26, 27] . These findings suggest that immune functions of lymphocytes infected with C. pneumoniae may be altered, resulting in an inappropriate immune response to stimulation that eventually contributes to chlamydiae pathogenesis.
Hence, investigating the attachment mechanism of C. pneumoniae to human lymphocytes is critical for better understanding the pathogen's role in complex disease pathogenesis. We further demonstrated that the C. pneumoniae mechanism of lymphocyte attachment is independent of heparin, which is generally utilized for bacterial attachment to epithelial cells in a Jurkat cell model [28] . These cells are a [29] . Thus, at least one of the pathogenic chlamydiae, C. pneumoniae, has a tropism to lymphocytes achieving successful infection via intriguing mechanisms. This also suggests lymphocytes are a potential host cell for not only C.
pneumoniae but also C. trachomatis infection, which particularly for serovar L2 could disperse from local mucosal tissue to lymphoid tissue. Furthermore, a recent work indicated that C. trachomatis induces anti-inflammatory effect in human macrophages by attenuation of immune mediators in Jurkat T-cells cultured with the bacteria [30] , implying successful infection of C. trachomatis L2 to Jurkat cells. However, whether lymphocytes are a potential vehicle cell for C. trachomatis L2 dissemination still remains unknown. We therefore assessed the growth properties of C. trachomatis L2 in lymphoid Jurkat cells in comparison with that observed in epithelial HeLa cells and showed that C. trachomatis L2 could infect cells with lymphoid properties.
One-step growth curves based on fluorescence microscope analysis supported that the normal bacterial growth observed in Jurkat cells was similar to that in HeLa cells, although bacterial growth in Jurkat cells was likely to be slightly delayed. It is well known that sequestered inclusions of C. trachomatis need to acquire nutrients by fusing with multivesicular bodies (MVBs) or vesicles present in the cytoplasm of infected cells [31, 32] . Although the delayed mechanism remains unknown, it could not be denied that accessibility to MVBs or vesicles differs among host cell types. We recently demonstrated that heparin expression on Jurkat cells, available for the attachment of pathogenic chlamydiae to epithelial host cells, was undetectable [28] , indicating that C. trachomatis L2 attachment to Jurkat cells is potentially heparin-independent. Moreover, although it has been believed that prolonged incubation of EBs in culture media leads to loss infectivity, it was surprisingly to find that no obvious decrease of the number of the infectious progenies in the cultures was seen at a time point of 7-day post infection. The results imply that more than our expectation, EB may be a stable form, supported by our previous data that relative pathogenic chlamydia C. pneumoniae could survive at least a month in cell-free culture condition [33] .
TEM analysis of C. trachomatis L2 infected Jurkat cells clearly revealed that the bacteria were located in large cytoplasmic inclusions within the infected cells 48 h after infection, demonstrating successful bacterial replication and growth. Individual bacterial growth stages differed among each of the inclusions including EBs and RBs with a few ABs, which was not similar to more synchronized growth previously reported during late stage bacterial growth in infected HeLa cells [34, 35] . Such chlamydial aberrant bodies could be induced by exposure to antimicrobial agents or cytokines such as IFN [36] [37] [38] . However, no IFN-expression and production was found on the infected Jurkat cells in our study (data not shown). Although this unsynchronized mechanism in Jurkat cells should be clarified, it is possible this provides an advantage for pathogenic chlamydial survival against various host pressures used to eliminate the bacteria.
It is notable that enriched human-blood lymphocytes allow C. trachomatis L2 infection, suggesting a possibility that primary lymphocytes may be a suitable host cells for supporting the bacterial growth in vivo. Although the donor numbers were limited, the results obtained from the experiment with primary cells certainly supported our data regarding C. trachomatis L2 infection to human lymphoid cell line, Jurkat cells.
Jurkat cells were clearly capable of supporting all C. trachomatis L2 life stages in an inclusion, with maturation from RB to EB following secondary infection. This implies that the bacteria in metabolically active stages are more susceptible to antibiotics than the bacteria entering the dormant phase of persistent infection. To confirm this possibility, we found that all antibiotics used for this study were very effective against C. trachomatis L2 growth in Jurkat cells, suggesting successful bacterial growth occurred in Jurkat and epithelial cells. We previously reported that C. pneumoniae is strongly resistant against antibiotics in human lymphoid Molt-4 and P3HR1 cells, in addition to mouse primary splenocytes [22] . This is in contrast with the results observed for C. trachomatis L2 in Jurkat cells, implying C. pneumoniae infecting lymphocytes easily enters a persistent, yet viable, stage that lacks metabolic activities, and consequently antibiotics could not eliminate the bacteria from the host cells.
Also, it is intriguing that C. trachomatis L2 in Jurkat cells appear to be more sensitive to antibiotics than in HeLa cells. Although the mechanism for this remains unknown, it is possible that the antibiotics entering the host cell cytoplasm might be very effective because of the narrow cytoplasmic space of the lymphocyte when compared with that for epithelial cells. Moreover, the susceptibility to antibiotics of C. trachomatis L2 growing in lymphocytes indicate that antibiotic treatment would prevent the progenies of infection to advanced sequelae such as pelvic inflammatory disease.
While it is believed that host-parasite interactions allow for the acquisition of biosynthetic precursors such as amino acids and lipids from host cells to parasites, it is clear that eukaryotic host cell-derived sphingomyelin is essential for intracellular growth of C. trachomatis [23, 31, 32, 39] . Therefore, we examined whether the sphingomyelin biosynthetic pathway required for C. trachomatis L2 growth differs between Jurkat and HeLa cells. The sphingomyelin biosynthetic pathway consists of two different steps, whereby the precursors of sphingomyelin are synthesized in the endoplasmic reticulum (ER) and the final step involves the subsequent transfer of ceramide to the Golgi apparatus [39] . Therefore, we used two different inhibitors, myriocin, which inhibits the synthesis of the sphingomyelin precursor in the ER, and fumonisin B1, which not only inhibits the final step sphingomyelin synthesis in the Golgi apparatus, but also block dihydroceramide synthesis from sphinganine at ER [39] .
As a result, both drugs significantly inhibited the infectious progenies of C. trachomatis L2 in both cells in the same way, suggesting that sphingomyelin acquisition of C. trachomatis L2 in lymphoid Jurkat cells might be similar to that of the bacteria in epithelial HeLa cells. Although so far it has been shown a novel way for sphingomyelin acquisition based on the interaction of lipid transfer protein CERT (ceramide transfer protein) with chlamydial IncD protein at ER-chlamydial inclusion membrane contact site [40] , the association of the bacterial growth in lymphocytes with this way remains undetermined.
Furthermore, we successfully established and isolated a mutant clone derived from Jurkat cells that was resistant to chlamydial infection in an attempt to determine host factors specific to lymphocytes that are involved in supporting of chlamydial growth.
While the mutant cells did not reduce C. trachomatis L2 attachment as much as for other serovar D bacteria (See Fig. 5 ), the intracellular bacterial growth in the mutant cells was inhibited to similar levels, indicating that the mutant cells impaired some cellular functions commonly associating with chlamydial growth. It has been proposed that pathogenic chlamydiae use different receptors on epithelial mucosa, contributing to the pathogenesis of the LGV and trachoma [36] [37] [38] . However, the attachment mechanism of chlamydiae to lymphocytes appears to be very similar, although the variety of strains utilized in our study was limited. Since Jurkat cells did not express heparin at a detectable level [28] , this attachment mechanism specific to lymphocytes may be heparin independent.
EMS exposure in mutant cells suggested impairment of cellular function due to a down-regulation of the histone cluster 1 H4c, and increased expression of granzyme K when compared with wild-type cells using DNA microarray analysis with real-time RT-PCR. We also observed irregular over-expression of granzyme K among the mutant cells by immunofluorescence staining, suggesting a possible mechanism refractory of mutant cells to C. trachomatis infection. Although further study is necessary to clarify how such molecular alteration was directly involved in a failure of C. trachomatis replication, such mutant cells are potentially useful for elucidating the interaction of pathogenic chlamydiae with lymphocytes. In addition, recent works using animals revealed that granzyme was expressed and produced not only in T cells or NK cells, but also in macrophages, although a counterpart in humans is yet to be discovered [41, 42] . These findings may provide a possible explanation as to why pathogenic chlamydiae could not survive effectively in macrophages [43] , implying that some macrophages producing granzymes have a critical role for eliminating chlamydiae.
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In conclusion, we have demonstrated that C. trachomatis L2 can infect Jurkat cells with lymphoid properties. Although further study is required to clarify the mechanisms involved in C. trachomatis L2 interactions with lymphocytes, this model is potentially valuable for not only offering new insights into host-parasite relationships, but also to study C. trachomatis dissemination into tissues via the movement of lymphocytes.
Materials and methods
1. Bacteria
C. trachomatis 434/Bu (LGV: serovar L2) and D/UW3Cx (serovar D) strains was purchased from ATCC (Manassas, VA). Bacteria were propagated in a HEp-2 cell culture system as described previously [34] . In brief, the infected cells were harvested on day 2 and disrupted by freeze-thawing and ultrasonication. After centrifugation to remove cell debris, bacteria were concentrated by high-speed centrifugation. Bacterial 
2. Cells
The epithelial cell line, HeLa cells (also HEp-2 cells), and lymphocyte cell line, Jurkat cells, were cultured at 37 C in 5% CO 2 in DMEM medium and RPMI1640 medium respectively, each containing 10% heat-inactivated fetal calf serum (FCS) and antibiotics (10 g/ml gentamicin; 10 g/ml vancomycin; 1 g/ml amphotericin B) (Sigma, St. Louis, MO). HEp-2 cells were also used to propagate bacteria as described above. We also established random chemical mutagenesis of Jurkat cells using ethymethanesulfonate (EMS) and isolated clones that were resistant to C. trachomatis L2 infection. In brief, Jurkat cells (wild cells) (5  10 6 cells) grown in T-250 flasks were mutagenized for 24 h with 100 g /ml of EMS in RPMI1640 medium with FCS. After removal of the EMS solution, surviving Jurkat cells were grown until they reached a concentration of approximately 10 7 cells. C. trachomatis L2 were then used to infect mutated cells for 1 h at a multiplicity of infection (MOI) of 100. After washing, the culture was maintained by replacing half of the medium at three-day intervals for up to a month. The remaining cells were cloned by limiting dilution, and cells without inclusion formation after C. trachomatis L2 infection were used as mutant cells resistant to the infection, as described in the experiments below. Human peripheral blood monocytes were isolated from whole blood provided by healthy volunteers, by density gradient centrifugation with Histopaque (Sigma). The resulting peripheral blood mononuclear cells were washed three times with Hanks' balanced salt solution (HBSS) and suspended in RPMI 1640 medium containing 10% FCS. The peripheral blood mononuclear cell suspensions were then dispensed in tissue culture flasks and incubated for 2 h at 37°C in 5% CO 2 to adhere out the monocytes. After incubation, nonadherent cells were collected, washed with HBSS, and resuspended in RPMI 1640 medium containing 10% FCS. Cytocentrifuged preparations of the resulting lymphocyte fractions stained with Giemsa showed greater than 95% lymphocytes by morphology.
Informed consent with written was obtained from all volunteers in this study, and the study was approved by the ethics committee of Faculty of Health Sciences, Hokkaido University.
3. Infection
HeLa, Jurkat (wild and mutant), enriched human-blood lymphocytes and mutant cells were adjusted to a concentration of 2×10 5 cells/well and infected with bacteria at a MOI of either 1 or 10 by static culture (without centrifugation) for 1 h at room temperature. After washing to remove non-infected bacteria with Hank's balanced solution (HBSS) (Sigma), infected and uninfected cells at a concentration of 2×10 5 cells/well were incubated for up to seven days in the presence or absence of various drugs (Sigma) [antibiotics: DOX (0.064 g/ml), AZM (0.125 g/ml), OFLX (0.5 g/ml); sphingomyelin biosynthesis inhibitors: myriocin (25 M), fumonisin B1 (5 g/ml)]. While the cells were normally cultured for antibiotic experiment in either DMEM or RPMI medium containing 10% FCS, the cells were incubated for sphingomyelin experiment in the medium containing 0.1% FCS (to ensure that the medium contains less than sphingomyelin) according to the method described previously [44] . The antibiotics were used at concentrations that inhibited bacterial growth in HeLa cells, as reported previously [45] . The sphingomyelin biosynthesis inhibitors were also used at concentrations previously described [39] . We confirmed that neither these drugs used at each of the working concentrations nor low concentration of 
Assessment of inclusion formations and bacterial attachment to cells
For up to two days after infection, cells were collected to determine the morphology of chlamydial inclusions, as described previously [34] . In brief, after the cells were fixed 
5. TEM
TEM was performed in accordance with a method described previously [17] . In brief, bacterial cultures were immersed in a fixative containing 3% glutaraldehyde in 0.1 M PBS pH 7.4, for 24 h at 4 °C. After briefly washing with PBS, cells were processed for alcohol dehydration and embedded in Epon 812. Ultra-thin sections of cells were stained with lead citrate and uranium acetate before viewing by TEM (Hitachi H7100;
Hitachi, Tokyo, Japan).
6. DNA microarray
Wild and mutant cells were separately incubated with bacteria, before total ribonucleic acid (RNA) was extracted from each culture 10 h after incubation using an RNeasy Mini Kit (Qiagen, Valencia, CA) according to manufacturer's instructions. Extracted RNA was treated with DNase (DNA-free; Ambion, Austin, TX) to eliminate any contaminating DNA. Polymerase chain reaction, without reverse transcription, was used to confirm the absence of DNA. RNA (50 ng) was amplified by the method with T7 promoter mediated cRNA amplification [46] , and the amplified cRNA was also labeled with Cy3 using a Quick Amp Labeling Kit (Agilent Technologies, Santa Clara, CA).
The amplified-labeled cRNA was hybridized to a 444K Whole Human Genome SurePrint G3 gene expression DNA array (Agilent Technologies), and analyzed using a microarray scanner (Agilent Technologies). Hokkaido System Science (Sapporo, Japan) carried out the DNA microarray analysis (also including normalization of gene expressions), except for the RNA preparation and DNase treatment.
7. Real-time RT-PCR
As mentioned above, total RNA was also extracted from C. trachomatis infected HeLa cells with or without antibiotics, using a RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Extracted RNA was treated with DNase I (DNA-free; Ambion, Austin, TX) to eliminate contaminating DNA. The resulting RNA preparations were confirmed to be DNA-free when a negative result was produced using PCR without the reverse transcription step. RT of 2 g of total RNA by avian myeloblastosis virus reverse transcriptase was performed with random primers in a commercial reaction mixture (Reverse Transcription System; Promega, Madison, WI).
Resulting cDNAs were then subjected to PCR with pairs of primers specific for C. CTG TTG CTG TAG-3') [28] was also used. These genes of fold changes were estimated by using ∆∆CT method based on GAPDH expression, according to the method reported previously [48] .
8. Immunofluorescence staining of granzyme K in either the mutant or the wild cells
The cells were washed in cold PBS containing 5% (w/v) BSA and then incubated with human CD3 monoclonal antibody (BioLegend, San Diego, CA) for 20 min on ice followed by incubation with FITC-labeled secondary antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA). After washing with 1%BSA-PAS, the cells were fixed and increased permeability with 1% paraformaldehyde containing 0.1% (w/v) saponin (Sigma) for 30 min on ice. After washing with 1% BSA-PBS, the fixed cells were incubated with anti-human granzyme K antibody (Abcam Inc., Cambrige, UK) for 30 min on ice, and then incubated with Dylight TM 549-labeled secondary antibody (KPL Inc., Gaithersburg, MA). After staining, granzyme K in the cells was detected with a fluorescence microscope, Biozero (Keyence, Tokyo, Japan); the percentage of the 
9. Statistical analysis
Statistical analysis was performed using an unpaired Student t test. Fig. 1 legend) .
Legends to figures
Plots show each of average values with SD (bar). *p<0.05 versus the value immediately after infection (0 days). Green, CD3 expression. Orange, granzyme K expression. White dished square are also enlarged below (Enlarged). Magnification,  400.
